Xanthomonas is one of the most important bacterial genera of plant pathogens 16 causing economic losses in crop production worldwide. Despite its importance, many 17 aspects of basic Xanthomonas biology remain unknown or understudied. Here, we 18 present the first genus-wide analysis of CRISPR-Cas in Xanthomonas and describe 19 specific aspects of its occurrence. Our results show that Xanthomonas genomes harbour 20 subtype I-C and I-F CRISPR-Cas systems and that species belonging to distantly 21 Xanthomonas-related genera in Xanthomonadaceae exhibit the same configuration of 22 coexistence of the I-C and I-F CRISPR subtypes. Additionally, phylogenetic analysis 23 using Cas proteins indicated that the CRISPR systems present in Xanthomonas spp. are 24 the result of an ancient acquisition. Despite the close phylogeny of these systems, they 25 present significant variation in both the number and targets of spacers. An interesting 26 characteristic observed in this study was that the identified plasmid-targeting spacers 27 were always driven toward plasmids found in other Xanthomonas strains, indicating that 28 CRISPR-Cas systems could be very effective in coping with plasmidial infections.
Introduction 33
Phytopathogenic bacteria are a global threat to crop production worldwide. 34 Xanthomonas spp. is one of the most important genera of phytopathogens since these 35 species can infect at least 120 monocotyledonous and 260 dicotyledonous species of 36 economic importance (1,2). These pathogens are able to live both inside and outside of 37 plant hosts. Regardless of their lifestyle, bacteria are constantly exposed to many 38 different threats, such as the constant pressure in the form of exogenous DNA invasions 39 from both viruses and invading plasmids from other bacteria (3, 4) . Many basic aspects 40 of how these phytopathogens react and protect themselves from such threats remain 41 understudied.
Based on the strain selection previously performed by Martins et al. (2016) , who 105 analysed the TA profiles of 10 Xanthomonas genomes that spanned the phylogenetic 106 tree of this genus, we decided to use the same subset of Xanthomonas genomes to 107 thoroughly analyse the origin of spacers. When a CRISPR array was identified, its 108 putative protospacer targets were evaluated. For the Xylella genus, we selected 7 109 genomes spanning the four known subspecies (fastidiosa, pauca, multiplex and sandyi) 110 regardless of their host range (Table 1) . These genomes were submitted to CRISPR the sequences retrieved were further localized in the genome to identify the ORF. In 119 these cases, the score threshold assumed for a positive ID was 5 mismatches (29 Two different approaches were adopted to assess the presence of the cas operon 137 in Xanthomonas and Xylella. The genomes already added to the CRISPI database (33)
138
(http://crispi.genouest.org/) were analysed using this tool. However, the vast majority of 139 the selected genomes are deposited as large contigs in the databases; in such cases, each 140 CRISPR-Cas island was inspected and confirmed using CLC Genomics Workbench 141 version 9.5.3 (QIAGEN) for the purpose of verifying the conservation of the Cas 142 operon architecture.
143
CRISPR-Cas systems with acceptable CRISPR arrays and a Cas operon in the 144 vicinity of these CRISPR units were considered valid(18). We considered CRISPR 145 repeats embedded within ORFs to be false positives. Among the twenty-seven different species/pathovars evaluated, 60% presented a 174 putative functional CRISPR-Cas system (Supplemental File S7). For each given species/pathovar that showed at least one encoded cas operon, we observed that all of 176 its strains presented the same type of cas. The only exception that we found was X. 177 oryzae pv. oryzicola, in which one strain presented the subtype I-C system (str. YM15), 178 while no CRISPR-Cas system was present in the other (str. BLS256) (Supplemental File 179 S7). Among the CRISPR-Cas systems described to date (35), we only found Type I 180 systems in Xanthomonas, of subtypes I-C and I-F (Supplemental File S6, Figure 1 ). The 181 less prevalent subtype, I-F, was found exclusively in X. fragariae, X. campestris pv. 182 raphani 756C, X. albilineans and X. hyacinthi (Figure 2A The analysis of spacers shows a wide variety of targets 221 Each CRISPR locus of the strains was thoroughly analysed to assess the targets 222 of each spacer. Although 40% of the strains showed no CRISPR-Cas systems 223 whatsoever, those that harboured at least one such system showed variation in the 224 number of spacers and their targets. The greatest number of these systems was found in 225 X. campestris pv. raphani 756C (99 spacers), followed by X. oryzae pv. oryzae 226 PXO99A (75 spacers). Additionally, although most of the targets were unknown, those 227 that were identified showed matches with phage, plasmid and endogenous genome 228 sequences ( Figure 5 ).
229
Our study showed that X. oryzae pv. oryzae PXO99A presented the greatest 230 number of spacers targeting phages (frequently OP2, OP1 and Xop144) ( Figure 5 , green 231 squares). In addition, spacer sequences targeting plasmids ( Figure 5 , blue squares) were 232 found in X. oryzae pv. oryzae PXO99A and X. campestris pv. raphani 756C. Both X. 233 citri subsp. citri 306 and X. axonopodis Xac29-1 presented one CRISPR-Cas system.
234
However, the target could not be identified for any of the spacers encoded by their 235 genomes. Likewise, X. citri subsp. citri Aw12869 presented one CRISPR-Cas system 236 whose targets were not identified; however, a second CRISPR array was also detected 237 in this strain. Despite the lack of an association with a cas operon in its vicinity, one of 238 the spacer targets was positively identified in a phage sequence (Supplemental File S4). 239 We therefore considered this second CRISPR array to be a putatively functional In addition to phages, plasmids targeted by the CRISPR-Cas systems were found 250 in some Xanthomonas CRISPRs, and it was noteworthy that all of them presented the 251 best matches to common Xanthomonas plasmids with high identity. Plasmids from X. 252 axonopodis and X. fuscans subsp. fuscans are targets of the CRISPR-Cas systems of X. 253 campestris pv. raphani (Figure 7 A, B and C) . The other three spacers found in X. 254 oryzae exhibited matches with 100% identity to plasmid targets of X. citri subsp. citri 255 (Figure 7 D, E and F). We observed that Xanthomonas strains with more spacers 256 presented fewer plasmids (Table 4 ). On the other hand, we noted that the Xanthomonas 257 strains with many spacers targeting phages were those with more prophages integrated 258 in their genome ( replication (44)). However, an important characteristic observed in this study was that 304 the identified plasmid-targeting spacers were always driven toward plasmids found in 305 other Xanthomonas strains, with X. oryzae pv. oryzae harbouring many of these spacers 306 and being devoid of any extrachromosomal DNA. The same was true for X. campestris 307 pv. raphani, which raises the possibility that CRISPR-Cas systems could be very 308 effective in coping with plasmidial infections. Indeed X. campestris pv. vesicatoria and 309 X. fastidiosa present more than one plasmid and no functional CRISPR-Cas system. On 310 the other hand, the strain harbouring the greatest number of spacers targeting phages, X. 311 oryzae pv. oryzae PXO99A, exhibited the greatest number of prophages in the genome, 312 which may be a result of a very challenging environment concerning phage diversity but 313 may also indicate that this system may not be functioning at the same rate at which 314 viruses evolve to evade it (45). Therefore, CRISPR-Cas systems in Xanthomonas seem 315 to be very effective in controlling plasmid infections, but they do not show the same 316 success regarding phages. Since many effectors are plasmid encoded, CRISPR-Cas 317 might be driving the specific characteristics of plant-pathogen interactions.
318
This is the first genus-wide analysis of CRISPR-Cas systems in Xanthomonas, 319 and we conclude that the presence or absence of functional CRISPR-Cas systems may Authors statements 326 The authors declare the absence of any potential conflict of interest. with its putative gene names above. In green, the ORFs found in this genome, and with 545 an "x", the genes that are absent, but expected to be found in a subtype I-C CRISPR-
546
Cas system. 
